Frequency-independent breakdown strength of dielectric elastomers under AC stress
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(Dated: 13 August 2019) Soft insulators are the main component used in dielectric elastomer actuators (DEAs). It follows that dielectric properties like permittivity and dielectric strength of the insulator can strongly influence the maximum dynamic actuation performance of DEA devices. We observed an increasing breakdown voltage with increasing driving AC voltage frequency for silicone-based dielectric films. Despite the breakdown voltage increase, we demonstrate that there is no actual breakdown electric field rise with varying frequency. We show that the voltage behavior is rather compatible with a constant dielectric breakdown field model and the slow mechanical response of the elastomer.
Dielectric elastomers have been intensely studied in recent years as they are the key component to manufacture soft, lightweight, and noiseless electrostatic transducers 1 . A dielectric elastomer actuator (DEA) consists of a thin layer of dielectric and elastic polymer sandwiched between a pair of compliant electrodes. By applying an adequate electric potential difference, the dielectric contracts under the electrodes electrostatic pressure, causing a displacement along the compression direction. The energy density stored in this action is proportional to the square of the input voltage. It follows that the best performance of the system are obtained maximizing the applied voltage without occurring in electrical breakdown failure. The dielectric strength of the insulating layer is a crucial property of the elastomer used for DEA. This is the maximum allowed electric field that the dielectric elastomer can withstand without electrically break down. As a consequence, it establishes the performances boundary of the DEA 2 . Knowing this property is a crucial point to design better and outperforming actuators. From high-voltage technology 3 , it is long known that the electric breakdown strength of dielectric materials can vary from AC to DC voltages and the amount of change depends on the frequency considered. For polymers, lower breakdown field strength is generally observed in AC electric stress case compared with DC 4 . This trend can have negative impact also on the DEAs since they are intended to work with dynamical electrical stresses, i.e. AC voltages. For this reason, we expect a breakdown voltage reduction of the insulator and, consequently, a general lowering in the actuator performances. Despite its relevance, the AC breakdown voltage of commonly used dielectric elastomers has been, at date, scarcely studied 5 .
In the present contribution, we show that the AC breakdown voltage of silicone-based dielectric elastomer actuators actually increases with the frequency, in contrast to what is usually experienced for other thin film polymers 6 . However, rather than a true dielectric strength improvement, we found that this phenomenon results from the viscoelastic nature of the insulator.
We measured the frequency-dependent breakdown voltage of samples prepared with Elastosil 2030-100, which is a) Electronic mail: a.iannarelli@tudelft.nl a common silicone dielectric elastomer (Polydimethylsiloxane, PDMS) used in DEA manufacture. The samples were cut from PDMS sheets into 50 mm diameter disks and divided in two sets with different mechanical constraints. The first set was prepared applying a permanent biaxial pre-stretch using an in-house built circular stretching rig 7 . A radial extension of λ =1.5 times the initial radius was chosen. To hold the imposed mechanical tension, the membranes were successively clamped to ring-shaped PMMA frames. The second set was prepared with no pre-stretch, and the corresponding disks were directly fastened to the frames. Subsequently, compliant circular electrodes (12 mm diameter) were spray-painted on both membrane sides using a conductive mixture of carbon black and PDMS 8 . Lastly, contacts were added using carbon grease and silver-paint pads.
The AC breakdown voltage is measured as follows: the amplitude of a positive-clamped sine wave is linearly increased at a constant rate ν until dielectric failure of the sample occurs. The highest registered voltage right before the irreversible failure, is referred as breakdown voltage. The AC frequen- cies used are in the range F = {0(DC), 0.25, 2, 7, 27, 100} Hz, and are logarithmically spaced between 2 and 100 Hz. The linear increase rate ν = 8 V s , is the same in all the tests. For each frequency in F ten different samples are tested 9 .
According to the reported experimental data, Fig.1-2 , there is a steady increase in the breakdown voltage with the frequency. The non-stretched samples, exhibit the most pronounced relative voltage change from DC to 100 Hz (around 11%) while for the pre-stretched membranes the variation is less than 4%.
To understand the nature of these results, we explored the system's electrical and mechanical contributions to the breakdown, separately. From an electrical point of view, the high resistivity of the carbon-silicone electrodes builds up with the sample's capacitance a distributed RC network. This causes a nonhomogeneous spatial voltage-distribution on the electrodes 10 . Accordingly, the voltage across the active area is lower than the initial AC input. To compensate this potential drop and have a sufficiently large voltage to trigger the breakdown, a higher input voltage is thus required at higher frequencies. We verified this mechanism by performing dielectric spectroscopy measurements on our DEAs. An insulation analyzer (Megger Idax 300) is used to measure the real capacitance of the samples over a broad frequency range (10 mHz to 10 kHz) at low and high voltage. If the active surface reduces or the voltage drops due to the frequency, the effect is visible as a capacitance variation within the frequency range F 11 . Fig.3 shows that no significant capacitance alteration is observed in both membranes sets for frequencies up to 1 kHz. Only a small change (less than 1%) is recorded from 100 mHz to 1 kHz when performing tests with high voltage (1400 V rms ). The DEA is electrically reactive and allows the full voltage on the active area during the AC cycle. As a further confirmation, we computed the finite element model of our DEA using COMSOL software. For the simulation we used the relative permittivity ε r = 2.7 for the membrane and conductivity σ = 0.82 S m for the electrodes. This value was measured using a four-point-probe configuration on the real sample under low voltage condition (5 V) . From the computed model ( Fig.4) , it is found that the voltage starts to drop at the center of the active area for frequencies above 2 kHz. This simulation confirms that the voltage is uniformly distributed on the electrodes in the range F , Figure 4(d) .
The combined results from dielectric spectroscopy and finite element modeling suggest that, at least in the range F , the capacitor-like system has an unaltered electrical response. We can, therefore, exclude the limited conductivity of the electrodes as the cause of breakdown voltage increase. We finally explored the mechanical contribution to the breakdown voltage variation by investigating the rheology of the silicone film under periodic compression stresses. The sample compression was measured using a laser vibrometer (Polytec OFV-5000) with the setup schematized in Fig.5 . This configuration measures the single-sided relative displacement of the electrode surface with respect to the laser-head down to 2 nm resolution. To guarantee reliable displacement measurements in the compression direction, the laser beam was accurately aligned with each geometrical sample center. This reduces the possibility of measurement drifts coming from the sample lateral expansion during compression. The electrodes surface reflectance was improved by sputtering a thin gold layer (approximately 25 nm) on them. The mechanical compression was induced by applying high voltage AC to the DEAs. The peak-to-peak amplitude was fixed to V 50 =2 kV in case of the pre-stretched samples, and V 0 =4 kV for the rest. The data are collected in the range from 50 mHz to 500 Hz. For each frequency the displacementamplitude is estimated over a minimum of 200 cycles. a function of the actuation frequency for both samples sets. Each curve has been averaged on measurements over 5 different samples. It can be noted that overestimated peaks are present in both graphs. This glitch happens in proximity of the membrane resonant frequency, which causes out-of-plane displacements 12 . The specific choice of the F range ensures that most of the frequency points fall before the first resonance peak and, as a result, reliable displacement measurements are available.
In both sets, the displacement dampens with increasing frequency in the range F . The viscoelasticity of the samples, slows the dynamic compression and the elastomer cannot fully contract within an AC period 13 . As a consequence, for a given voltage amplitude, the resulting electric field is lower at higher frequencies because the material does not compress Starting from the frequency-dependent displacement results, we show that the increasing breakdown voltage over frequency is actually compatible with a constant electric breakdown field model. In a very general manner, for a parallel plate capacitor-like system the breakdown voltage V BD and the electric breakdown field E BD are related by
where d f inal is the dielectric's thickness at breakdown. The breakdown strength E BD (ω, d 0 ) also depends on the initial thickness, but for any given d 0 this value is known and constant 14 . The final thickness is rewritten as the difference of the initial thickness d 0 and the displacement δ d(V, ω) caused by the electrostatic force, which is dependent on the voltage frequency ω and its amplitude V . We write the displacement δ d as the product: where α(V ) is the displacement that the membrane would undergo at equilibrium with the DC voltage V and g(ω) is a frequency attenuation factor, that takes into account the material viscoelastic response to the frequency.
The assumption in (2) was empirically proved to be valid in the range F by measuring different ratios
The ratios turned out to be constant regardless the frequency ω, see Fig 7 .
We now make the assumption of a constant electric breakdown field E BD (ω) = E BD , ∀ω ∈ Ω = 2πF and we compare the breakdown field at any frequency with the reference frequency ω 0 = 0, that corresponds to the DC case. Using (2) in (1) we have
For practical reasons, we are unable to measure the final compression δ (V BD , ω) at breakdown voltage V BD . This is because for extreme displacement the membrane can wrinkle or be sampled out of plane, giving erroneous results. As a workaround, we measured the displacement δ d 1 (V 1 , ω) at a lower value V 1 ≪ V BD and we exploit the property of (2) by replacing it into (3) . We finally obtain
the quantity κ = E BD α(V BD ) α(V 1 ) only depends on voltage amplitudes and breakdown field, and is thus, by previous hypothesis, constant. Equation (4) states that, assuming a constant electric breakdown field independent from the frequency, the difference between any breakdown voltage with a reference value is proportional to the respective compressiondisplacements difference. The constant κ depends on the dielectric strength of the material and the voltage-displacement relation. Note that for the proposed model it is not important to know the exact value of E BD (which remains unknown) but rather the assumption of it being constant.
We combined the results from compression tests and breakdown voltage measurements using Equation (4) for both nonstretched and stretched samples cases. Fig.8 shows that the relative-to-DC breakdown voltages and the related displacements actually follow the trend described by the proposed model in Equation (4) . The constant of proportionality was empirically calculated to best fit the results and equals κ 0 = 1058 kV/mm for the non-stretched case and κ 50 =266 kV/mm for the stretched case. Although these quantities have the unit of an electric field, they must not be confused with the relative dielectric strength E BD from which they differ by a constant. The point relative to 100 Hz for the non-stretched samples lies outside the trend. Because this is sampled near an out-ofplane resonance, we consider it as an outlier, Fig. (6)(a) . There is a good agreement between the proposed model and the experimental data for both the cases examined. Moreover, it is also able to justify the lower change in breakdown voltage for the pre-stretched membranes. The pre-tensioning improves the elastomer rheology making it react faster to the compressive force 15 .
In conclusion, we experimentally found that the increase of the breakdown voltage with increasing frequency is not caused by the limited electrodes conductivity at high frequency nor to improved permittivity. The phenomenon is rather justified with the viscoelastic reaction of the silicone membrane. The apparent dielectric strength improvement that could result from a non-correct interpretation of the breakdown voltages cannot be in any way exploited to enhance the performance of the DEA. The electric field at breakdown is constant and does not depend on the frequency used in the investigated range. The breakdown voltage increase is explained by a less effective elastic compression at higher frequency. We proved this hypothesis by proposing an empirical model for the frequency-dependent displacement that accurately reproduces this behavior in the frequency range of interest. We proved this hypothesis by proposing an empirical model for the frequency-dependent displacement which accurately reproduces this behavior in the frequency range of interest. To focus on essential ideas, we have restricted the materials choice as well as the electrodes geometry. The model can, however, be extended to other samples geometry and further materials.
